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We use magnetization measurements, high-resolution angle-resolved photoemission spectroscopy
(ARPES), and density functional theory (DFT) calculations to study the electronic properties of
Au2Pb, a topological superconductor candidate. The magnetization measurements reveal three
discontinuities at 40, 51, and 99 K that agree well with reported structural phase transitions.
ARPES measurements of the Au2Pb (111) surface at 110 K shows a shallow hole pocket at the
center and flower-petal-like surface states at the corners of the Brillouin zone. These observations
match the results of DFT calculations relatively well. The flower-petal-like surface states appear
to originate from a Dirac like dispersion close to the zone corner. For the Au2Pb (001) surface at
150 K, ARPES reveals at least one electron pocket between the Γ and M points, consistent with
the DFT calculations. Our results provide evidence for the possible existence of Dirac state in this
material.
The prediction [1] and observation [2, 3] of the Dirac
states on the surface of topological insulators have
sparked a search for relativistic quasiparticles in con-
densed matter systems. Dirac fermions have been ob-
served in three-dimensional (3D) Dirac semimetals such
as Cd3As2 and Na3Bi [4–6], where the Dirac points are
protected by symmetry. By breaking the inversion [7] or
time-reversal symmetry [8] in the Dirac fermion systems,
Weyl fermion states can be realized. The observation of
Fermi arc surface states, either in type-I [7] or type-II [9–
11] Weyl semimetals, has been recognized as one of the
distinct signatures of Weyl fermion states. In addition to
the Dirac and Weyl fermions, another relativistic quasi-
particle, namely the Majorana fermion is expected to oc-
cur at the intersection of superconductivity and topology.
The Majorana fermion state is fascinating because the
quasiparticle is its own antiparticle and the bound state
obeys non-Abelian statistics. This distinct feature makes
it an excellent candidate for topological quantum com-
putation [12]. One natural platform to realize Majorana
fermions is topological superconductors. The topologi-
cal nature guarantees that the gapless excitations at the
surface satisfy the Dirac equation; whereas the supercon-
ducting nature guarantees that the particle-hole symme-
try leads to indistinguishable particle-antiparticle [13].
There are several routes to realize topological supercon-
ductivity [14]. One route is to use the proximity ef-
fect [15], such as placing ferromagnetic atomic chains
on a superconductor [16]. Another route is to bring
superconductivity to topological materials, such as dop-
ing topological insulator Bi2Se3 with Cu [17], or apply-
ing pressure to Bi2Se3 [18]. However, this route suffers
from difficulties in crystal synthesis, random distribu-
tion of impurities, or in ease of use for practical applica-
tions. A better route is to find stoichiometric single crys-
tals that satisfy both topological property and supercon-
ductivity. Topological nodal line materials [19–21] have
Dirac nodes forming a line or arc, among which PbTaSe2
has been reported to show superconducting transition at
T = 3.7−3.9 K [22, 23]. However, the Majorana fermion
states in this material still remain elusive, possibly due
to its extreme sensitivity to pressure [23].
Recently, Au2Pb has attracted attention because of the
prediction of Dirac metal to topological metal transition
at a structural phase change [24], while the supercon-
ductivity of Au2Pb has been reported more than fifty
years ago [25]. With the topological transition accompa-
nied by structural phase change, Au2Pb offers a unique
platform for studying the interplay of superconductivity,
bulk Dirac states, and topological surface states in one
single crystal [24, 26]. However, until now, no angle-
resolved photoemission spectroscopy (ARPES) measure-
ments have provided direct evidence of topological states
in this material.
Here, we present high-resolution ARPES data obtained
from (001) and (111) surfaces that were prepared by pol-
ishing and several cycles of in-situ sputtering and an-
nealing. We collect our ARPES data above 100 K so as
to avoid any possible twinning effect associated with the
structure transitions (see Fig. 1 below). The Fermi sur-
face on the (111) facet consists of a shallow hole pocket at
the Γ point and Fermi-arc-like surface states at the zone
corners. On (001) surface, there is a Dirac like disper-
sion with a significant gap between the conduction and
valence bands, consistent with the density functional the-
ory (DFT) calculations.
Temperature and magnetization measurements were
carried out using a Quantum Design Magnetic Property
Measurement System (MPMS), superconducting quan-
tum interference device (SQUID) magnetometer (T =
1.8 – 300 K, Hmax = 55 kOe).
Large single crystalline samples of Au2Pb were grown
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FIG. 1. (color online) Temperature dependent magnetization
measurements of Au2Pb. Inset shows the crystal with natu-
rally grown (111) facets.
out of a high-temperature solution [27, 28] rich in Pb.
Stoichiometric quantities of elemental Au and Pb were
mixed in molar ratios of Au40Pb60. The initial elements
were placed into the bottom 2 ml alumina crucible of a
Canfield Crucible Set [29], and sealed in amorphous silica
ampules under a partial argon atmosphere. The ampules
were heated to 900 ◦C in 3 hours and dwelled there for 2
hours. The ampules were then rapidly cooled to 410 ◦C
over 3 hours, followed by a slow cooling to 280 ◦C over 150
hours. At that point, the excess molten Pb-rich solution
was decanted.
Au2Pb single crystals have naturally grown (111)
facets (See inset to Fig. 1). Flat (001) surfaces of Au2Pb
were obtained by polishing Laue-oriented single crystals.
Both surfaces for ARPES measurements were prepared
by multiple cycles of annealing the single crystals below
the melting point and sputtering in a 10−5 Torr argon
partial pressure. The ARPES measurements were per-
formed using a helium discharge lamp based ARPES sys-
tem consisting of a GammaData Helium ultraviolet lamp
and a Scienta SES2002 electron analyzer. The angular
and energy resolutions of this system were set at ∼0.3◦
and 15 meV, respectively.
Band structure with spin-orbit (SOC) included has
been calculated in DFT [30, 31] using PBE [32] exchange-
correlation functional, a plane-wave basis set and pro-
jected augmented wave method [33] as implemented in
VASP [34, 35]. For bulk band structure of Au2Pb, we
used the primitive cell of 6 atoms with a Monkhorst-
Pack [36] (13×13×13) k-point mesh including the Γ point
and a kinetic energy cutoff of 230 eV. For surface band
structure of Au2Pb(111), a unit cell of 18 atoms with
a k-point mesh of (13×13×3) is used. Experimental
lattice parameters have been used with atoms fixed in
their bulk positions. A tight-binding model based on
maximally localized Wannier functions [37–39] was con-
structed to reproduce closely the bulk band structure in-
cluding SOC in the range of EF ± 1 eV with Au sd and
Pb sp orbitals. Fermi surface and spectral functions of
a semi-infinite Au2Pb(111) surface were calculated with
the surface Green’s function method [40–43] as imple-
mented in WannierTools [44]. Different terminations of
(111) surface have been calculated and we found that
the Pb-dimer termination gives the best agreement to
ARPES.
Figure 1 shows the temperature dependent magnetiza-
tion measurement of a single crystal of Au2Pb. Three
discontinuities are seen at 40, 51, and 99 K, consistent
with the previously reported structural phase transitions
based on resistivity and specific heat data [24].
Figure 2(a) shows the ARPES intensity integrated
within 10 meV about the chemical potential measured on
the sputtered and annealed Au2Pb (111) surface. At the
center of both the first and second Brillouin Zones (BZs),
a shallow hole pocket can be clearly seen. Surrounding
the center hole pocket are six flower-petal-like patterns
originate from surface states, which is consistent with the
crystal symmetry on this surface. Fig. 2(b) shows the cal-
culation of Au2Pb (111) surface, which matches relatively
well the experimental results. Detailed band structure of
Au2Pb are plotted in Figs. 2(c)–(j), corresponding to the
cuts along #1 to #4 in panel (a). Figure 2(c) shows the
band dispersion along cut #1 in Fig. 2(a), which is consis-
tent with the surface calculations in Fig. 2(b), especially
the parts enclosed by the red and black dashed squares
in either figure. More details of the flower petal surface
state are shown in Figs. 2(e) and (f) along cut #2. One
can clearly see the surface states emerging from the bulk
states and crossing the Fermi level in both the ARPES
and surface calculation data, where a possible bulk Dirac
dispersion can be identified. For cuts #3 and #4, the
ARPES data and surface calculations show strong con-
sistency except a 80 meV shift of the chemical potential,
probably due to the Pb vacancy defects observed in this
material [45].
Figure 3 presents the features observed on the Au2Pb
(111) surface. As shown in Fig. 3(a), the flower-petal
surface state seems to terminate and merge into the bulk
states. The second derivative of (a) shows that the sur-
face state may terminate before merging into the bulk
states, leading to possible Fermi arc surface states [46].
Fermi arc surface state is one of the distinct signatures
of Weyl semimetals, which has also been observed in 3D
Dirac semimetal Na3Bi [47]. Thus, the observation of
Fermi arc-like surface states in Au2Pb provides evidence
for the possible existence of 3D Dirac states, as proposed
in Ref. 24. At higher binding energies, the intensity
of the Fermi surface part enclosed by red dashed circle
in Fig. 3(b) shrinks down to a single point in Fig. 3(c)
and expands again to a rough circle in Fig. 3(d). This
is consistent with the Dirac-like feature in band disper-
sion shown in Fig. 3(i) and even better visualized in the
second-derivative image shown in Fig. 3(j).
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FIG. 2. (color online) Fermi surface and band dispersions of Au2Pb (111) surface. (a) Fermi surface plot at 110 K - ARPES
intensity integrated within 10 meV about the chemical potential. (b) Calculation of Au2Pb (111) surface with Pb-dimer
termination at 80 meV below chemical potential. Note: red dots in (a) and (b) are shown to provide reference location of the
Dirac point from DFT calculations. Dashed box is region of data shown in (a). (c)–(j) ARPES intensity and surface band
calculations along cuts #1 to #4 in (a). Red and black dashed boxes in (c) and (d) show consistency between ARPES and
DFT calculations.
Figure 4 shows the Fermi surface and band disper-
sion measured on the polished Au2Pb (001) surface. At
almost quarter way between Γ and M points, an elec-
tron pocket can be clearly observed. As we further ap-
proaching the M point, another larger pocket can be
seen. These observations are consistent with the DFT
calculations shown in Fig. 4(b), where the black dashed
line encloses the area shown in panel (a). The band dis-
persion along the white dashed line in (a) is shown in
Fig. 4(c), where a Dirac like dispersion can be better vi-
sualized in its second derivative image [Fig. 4(d)]. This
also matches the result from DFT calculations as shown
in Fig. 4(e), except that fewer bands can be observed
in the ARPES measurements. This band dispersion also
shows a significant gap between the conduction and va-
lence bands, which can be demonstrated by the energy
distribution curve (EDC) [Fig. 4(d)] along the red dashed
line in 4(c). A gap size of 200 meV can be estimated by
the peak positions in the EDC. Since we only obtained
adequate ARPES intensity at a k value off the calcu-
lated Dirac point [black solid circle in 4(b)], we cannot
direct approve the existence of Dirac state in this ma-
terial. On the other hand, the consistency between the
Fermi surface/band dispersion and the band structure
calculations point to the possible existence of 3D Dirac
state on Au2Pb (001) surface.
In conclusion, we used magnetization measurements,
high-resolution ARPES system, and DFT calculations
to investigate the electronic structure of Au2Pb single
crystals on (111) and (001) surfaces. Three disconti-
nuities can be clearly seen in the magnetization mea-
surements, consistent with the reported structural phase
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FIG. 3. (color online) Constant-energy contours and band dispersion of Au2Pb (111) surface measured at 110 K. (a)–(d) ARPES
intensity integrated within 10 meV at the binding energy of 0, 60, 150, and 210 meV, respectively. (e)–(h) Second-derivative
images of (a)–(d), respectively. (i) band dispersion along white dashed line in (c). (j) Second-derivative image of (i).
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FIG. 4. (color online) Fermi surface and band dispersion of Au2Pb (001) surface measured at 150 K. (a) Fermi surface plot -
ARPES intensity integrated within 10 meV about the chemical potential. (b) Calculated bulk Fermi surface of Au2Pb (001)
surface. The black dashed line encloses the area of ARPES measurement in (a). (c) Band dispersion along the white dashed
line in (a). (d) Second-derivative image of (c). (e) Calculated band dispersion along the white dashed line in (b). (f) Energy
distribution curve (EDC) along the red dashed line in (c).
transitions. Interestingly, we observed Dirac-like disper-
sion on polished Au2Pb (111) surface with Fermi arc-
like surface states. These results are consistent with
the surface band-structure calculations. Furthermore,
on Au2Pb (001) surface, we observed a gapped Dirac-
like dispersion. These observations point to the possible
topological nature of this material. However, due to the
low superconducting transition temperature, we are not
able to investigate the potential topological superconduc-
tivity in this material. Further study would require bet-
ter prepared crystal surfaces, and ultralow temperature
systems.
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